Infrared reflection absorption spectroscopy (IRRAS) and reflection high-energy electron diffraction (RHEED) have been applied to in-situ observations of fcc-Fe epitaxial growth on Cu(100) at room temperature under very low carbon monoxide (CO) pressures. Extended layer-bylayer growth of fcc-Fe is observed at a CO pressure of 2:7 Â 10 À8 Pa. Nevertheless, no adsorbed CO was detected on the growing film surface. The layer-by-layer growth is hampered severely at a CO pressure higher than 1:3 Â 10 À7 Pa. A small band that is attributable to CO adsorption appears in the IRRAS spectra taken in the early stages of deposition at 1:3 Â 10 À6 Pa. These observations indicate that the dissociation of adsorbed CO on the growing film surface plays an important role in the promotion of the layer-by-layer film growth of fcc-Fe.
Introduction
The epitaxial thin film growth of a metal on single-crystal substrates of another metal has been investigated in recent years for creating new materials that do not naturally exist. For example, although the face-centered cubic (fcc)-phase of a bulk Fe crystal is only stable above 1183 K, fcc-Fe films can be grown on Cu(100), even at room temperature. [1] [2] [3] [4] [5] [6] [7] In this growth process, simple elements or molecules like lead, fluorine, oxygen, carbon monoxide, acetylene, etc. act as ''surfactants'': such species promote the layer-by-layer growth of fcc-Fe. 1, [5] [6] [7] Thomassen et al. 1) first reported that a small amount of carbon monoxide (CO) in the growing atmosphere enhances the layer-by-layer growth of fcc-Fe films. Kirschner and co-workers 5) investigated the stability of fcc-Fe films growing in the presence of carbon-and oxygencontained molecules. They deduced that the dissociation products formed upon adsorption at the growing film surface are linked closely to the formation of stable fcc-Fe films. The direct observation of surfactant molecules at the growing film surface should provide an important clue to understand such stable growth of the fcc-Fe. However, no in-situ observation of surfactant molecules at the growing film surface has ever been reported, probably because only a few techniques are available for detection of surface molecules in the presence of ambient gases.
Among the various classes of techniques utilized to investigate metal surfaces, infrared reflection absorption spectroscopy (IRRAS) has gained wide recognition for its ability to obtain information on the vibrational states of adsorbed molecules. Actually, we demonstrated its usefulness in our previous studies of CO adsorbed on molecular beam epitaxial (MBE)-grown fcc-Fe thin films. [8] [9] [10] [11] [12] The optical arrangement used for IRRAS (i.e., light is incident at a grazing angle) is especially suitable for simultaneous reflection high-energy diffraction (RHEED) analysis, which is quite useful for monitoring MBE growth. Therefore, we have applied IRRAS to in-situ observation of the MBE growth of fcc-Fe on Cu(100) under very low pressures of CO for the first time. The results obtained are reported in the present paper. Figure 1 shows a schematic view of the experimental system used in the present work. The base pressure of the MBE deposition chamber was less than 2:7 Â 10 À8 Pa. A Cu(100) crystal ( ¼ 15 mm) was subjected to repeated cycles of Ar þ sputtering and annealing at 1000 K until expected RHEED streaks were observed very clearly. Iron of 99.999 mass% purity was deposited onto the Cu(100) surface at room temperature using the Knudsen cell. The pressure during Fe thin film growth was about 1:3 Â 10 À7 Pa; the atmosphere contained mostly hydrogen and the partial pressure of CO was less than 1:3 Â 10 À8 Pa. We performed RHEED measurements with electron beam energy of 10 keV 
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(1 eV ¼ 1:602 Â 10 À19 J). The diffraction images were analyzed quantitatively using a computer-controlled CCD video camera and a data acquisition system. 9) IRRAS (Bomem MB-100 equipped with a liquid-nitrogen cooled HgCdTe detector) spectra were taken with p-polarized radiation incident through a BaF 2 window upon the substrate at 80 from surface normal. The in-situ (during deposition) and exsitu (after deposition) IRRAS spectra were recorded with 4 cm À1 resolution as an average of 128 scans (taking 180 s for each spectrum shown in Fig. 3 ) and an average of 256 scans (taking 360 s for each spectrum shown in Fig. 4 ), respectively. Figure 2 shows intensity oscillations of RHEED reflexes during Fe deposition at various CO partial pressures. The electron beam was incident onto the substrate surface in the h110i direction. Similar RHEED intensity oscillations are reported in the literature. 1, 4, 5) The rate of film growth is determined to be 180 s/ML from the number of oscillations in RHEED intensity. Figure 2 shows that when no CO was admitted into the MBE chamber (a), the layer-by-layer growth of fcc-Fe continues up to 14 monolayers (MLs). This layer-by-layer growth up to 14 MLs is beyond the critical thickness (10-12 MLs) for fcc-Fe epitaxy reported previously. 1, 4, 5) The residual CO (less than 1:3 Â 10 À8 Pa) in the chamber might contribute to extended layer-by-layer growth. As seen in Fig. 2 , the admission of 2:7 Â 10 À8 Pa CO into the MBE chamber promotes layer-by-layer growth up to 18 MLs (b). A similar promotion (up to 15 MLs) is observed for 6:7 Â 10 À8 Pa (c). In contrast, layer-by-layer growth becomes much less stable at CO pressures that are higher than 6:7 Â 10 À8 Pa (d, e, f). Figure 3 shows IRRAS spectra of the growing fcc-Fe surfaces in the presence of CO at 2:7 Â 10 À8 Pa (a) and 1:3 Â 10 À6 Pa (b), respectively. In the former case, no band that was attributable to CO adsorption can be observed within detection limits of the IRRAS system. In our previous work, 11) a diffuse c(2 Â 2) low-energy electron diffraction (LEED) pattern was observed for the CO adsorption on the 4 MLs thick fcc-Fe film surface at room temperature: the c(2 Â 2) structure corresponds to a surface coverage () of 0.5. Further, as shown in Fig. 4 , the saturated adsorption of CO on a 6-ML-thick ''clean'' fcc-Fe film surface yields a CO absorption band of 0.22%. Because the noise level of the spectra shown in Fig. 3 is less than 0.02%, the CO coverage throughout its growth can be estimated to be less than ¼ 0:05 on the assumption that the same c(2 Â 2)-CO adsorbate layer ( ¼ 0:5) is formed on the 6-ML-thick fcc-Fe film. Further, if we assume that an atomically flat surface can be formed and that the sticking probability of CO is unity, at least 5000 s is necessary for formation of the saturated CO adsorbate layer under the presence of 2:7 Â 10 À8 Pa CO in the Fe growth atmosphere. Taking into account the atomically rough surface of the film, 13, 14) the actual surface coverage of CO should be quite low during film growth at 2:7 Â 10 À8 Pa.
Results and Discussion
In contrast, the growth in the presence of 1:3 Â 10 À6 Pa CO (b) engenders an absorption band that is attributable to Wavenumber, Fig. 3 In-situ IRRAS spectra measured during fcc-Fe epitaxial growth in the presence of (a) 2:7 Â 10 À8 Pa CO and (b) 1:3 Â 10 À6 Pa CO. Because it took 180 s to obtain each spectrum, the indicated Fe thicknesses (in ML units) are only approximate. No band attributable to gaseous CO that should be located at 2143 cm À1 can be detected in these CO pressures. adsorbed CO in the 1900-2000 cm À1 region. This band takes a maximum in intensity (0.3%) at 1 ML. It then decreases with increasing film thickness. The absorption band can be assigned safely to the C-O stretch of the adsorbed CO on the bridge site of the fcc-Fe(100) surface. 8, 9) Above 10-ML thickness, no band is visible in the spectra shown in Fig. 3 . In the fcc-Fe/Cu(100) epitaxial system, the film morphology depends seriously upon the film thickness: 13, 14) particularly at the early stages of deposition, Fe grows on Cu(100) with three-dimensional island structures. The island structure (atomically rough surface) would offer a relatively large number of sites for CO adsorption. In addition, CO would easily adsorb onto the island surface because of the slow deposition rate (180 s/ML). Therefore, a reasonably strong CO band appears at a thickness of 1 ML, as shown in Fig. 3(b) . Actually, Den Daas et al. 15) investigated interaction of CO with Fe islands formed on Cu(100) using ellipsometry. They found a rapid CO adsorption onto the islands. The significant decrease in the CO band intensity at a thickness of 2 MLs (Fig. 3(b) ) implies dissociation of the adsorbed CO into carbon and oxygen atoms by the incoming Fe atoms. In fact, the CO dissociation at the growing fcc-Fe surface has been deduced by Kirilyuk et al. 5) Therefore, at 1:3 Â 10 À6 Pa, it is likely that the initially adsorbed CO is dissociated into carbon and oxygen atoms which then contaminate the surface. Consequently, they prevent further adsorption of CO, engendering a marked decrease in CO band intensity for deposition of 2 MLs. A continuous decrease of intensity with increasing deposition thickness is evident from Fig. 3(b) . We carried out IRRAS measurements for CO adsorbed on 6-ML-thick fcc-Fe films to elucidate surface contamination by CO dissociation at the growing surface. Those results are shown in Fig. 4 . The films were grown under different pressures of CO, i.e., without CO admission, 2:7 Â 10 À8 Pa, and 1:3 Â 10 À6 Pa. In every case, CO exposure was fixed at 1.0 L (1 L ¼ 1:3 Â 10 À4 PaÁs). Figure 4 shows that the Fe film produced without CO admission (a) and the film produced under 2:7 Â 10 À8 Pa of CO (b) exhibit no marked absorption features. In contrast, the film deposited in the presence of 1:3 Â 10 À6 Pa CO (c) yields a small CO band even before CO exposure: the band intensity (0.06%) remains almost unchanged upon 1 L exposure of CO. This result probably indicates that the as-grown Fe film deposited under the presence of 1:3 Â 10 À6 Pa CO has no sufficient sites to allow further CO adsorption. As shown in Fig. 4(a) , 1 L exposure of CO to the as-grown Fe film surface results in a CO band (1934 cm À1 ) of 0.22% intensity. The same amount of CO exposure to the film grown in the presence of 2:7 Â 10 À8 Pa CO (b) brings about a similar band of 0.16%. This intensity reduction (0.22% to 0.16%) shows very reasonably that the surface of the film obtained under 2:7 Â 10 À8 Pa of CO is slightly more contaminated with the dissociation products than the film deposited without CO admission. Auger electron spectroscopic analyses of fcc-Fe films grown in the presence of CO indicate that the concentrations of dissociated carbon and oxygen atoms in the films change concomitant with CO partial pressure. 5) Therefore, it is clear from the present in-situ IR and RHEED results that dissociation of the adsorbed CO at the growing surface contributes to layer-by-layer growth.
Summary
We could successfully apply IRRAS to in-situ observation of the fcc-Fe MBE process on Cu(100) under very low CO pressures (2:7 Â 10 À8 to 1:3 Â 10 À6 Pa). The RHEED intensity oscillations showed that the layer-by-layer fcc-Fe growth was more improved in the presence of 2:7 Â 10 À8 Pa CO than when grown without CO admission: no IR absorption band that was caused by adsorbed CO appeared in the presence of 2:7 Â 10 À8 Pa CO. In contrast, layer-by-layer growth became very unstable with increasing CO partial pressures from 1:3 Â 10 À7 to 1:3 Â 10 À6 Pa. For pressure of 1:3 Â 10 À6 Pa, layer-by-layer growth was limited to 8 MLs, even though adsorbed CO was detected during film growth. The IRRAS results for the CO adsorption on 6-ML-thick fcc-Fe films revealed that the film surfaces were more or less contaminated by dissociation products of CO, depending upon the partial pressure of CO in the growing atmosphere. These facts lead us to conclude that the extended layer-by-layer growth of fcc-Fe is caused by dissociation of adsorbed CO during growth. The films were grown: (a) without CO admission, (b) with CO at 2:7 Â 10 À8 Pa, and (c) with CO at 1:3 Â 10 À6 Pa. The upper and lower spectra in (a)-(c) were recorded before and after 1 L exposure of CO.
